short retention time of feed materials within it, most of the hydrolysis of these substances takes place in the gizzard and during the backflow of digesta from gizzard to proventriculus (Martinez, Lopez, & Sesma, 2000; Svihus, 2011) . The gizzard wall contains two thick, caudodorsal and cranioventral muscles and two thin, craniodorsal and caudoventral muscles, and a koilin layer with a sand-paper-like surface (Svihus, 2011) . The functions of the proventriculus and gizzard are interdependent to such an extent that it has been suggested these organs must be considered as one compartment in regard to digestion (Svihus, 2014) .
The diet texture refers to the fibrousness, coarseness and hardness of feed particles contained within it. The presence of these materials in the diet imparts some benefits to the birds' digestive system. The impact of diet texture on intestinal health and physiological functions has been well-demonstrated in poultry (Svihus, 2011 (Svihus, , 2014 .
In modern poultry production, broiler diets suffer from a lack of structure, and this issue has ignited interest on the use of a socalled structural component in commercial poultry diets (Svihus, 2011) . Incorporation of structural components to poultry diets has been shown to restore the suboptimal gut health and functionality associated with feeding highly processed diets and to induce benefits on nutrient digestion. These benefits may occur as a result of increased mechanical stimulation of the proventriculus and gizzard, provision of more time for the secretion of hydrochloric acid (Duke, 1986; Gonzalez-Alvarado, Gonzalez-Serrano, Lazaro, Qaisrani, Krimpen, Kwakkel, Verstegen, & Hendriks, 2015) , elevated pepsin activity (Svihus, 2011) , higher bile acid concentration (Hetland, Svihus, & Krogdahl, 2003) and increased digestive enzyme activities (Hetland et al., 2003; Husvéth et al., 2015) .
Moreover, a gizzard with well-developed muscle layers generates vigorous reverse peristalsis contractions and increases digesta refluxes within the digestive tract, re-exposing the digesta to hydrochloric acid and pepsin and facilitating the mixing of the digestive enzymes with digesta (Ferket, 2000; González-Alvarado et al., 2008; Svihus, 2011) .
The majority of investigations into the effect of diet structure on gizzard development have examined the effects on gizzard mass (Abdollahi, Ravindran, & Amerah, 2016; Amerah, Ravindran, & Lentle, 2009; Amerah, Ravindran, Lentle, & Thomas, 2007 , 2008a , 2008b Jimenez-Moreno et al., 2010; Kimiaeitalab, Cámara, Mirzaie Goudarzi, Jiménez-Moreno, & Mateos, 2017) . Despite the gizzard being the organ orchestrating the digestion process in poultry, little attention has been paid to its musculature structure and the adjustment of this to the changes in diet structure. The present study was initiated to investigate the influence of different dietary structural textures on gizzard musculature and the association between gizzard development and intestinal morphology in contemporary broiler chickens.
| MATERIAL S AND ME THODS

| Diets
A broiler starter diet, based on wheat and soya bean meal, was formulated to meet the Ross 308 strain recommendations for major nutrients for broiler starters (Ross, 2014;  Table 1 ). The following seven experimental treatments were prepared: a control diet using wheat ground through a screen size of 2.0 mm (Fine); the finely ground wheat replaced by wheat ground through a screen size of 5.0 mm (Medium); the finely ground wheat replaced by wheat ground through a screen size of 8.0 mm (Coarse); the control diet diluted (w/w) with 10 g/kg lignocellulose (LC); the control diet diluted (w/w) with 30 g/kg oat hulls (OH); the control diet diluted (w/w) with 30 g/kg wood shavings (WS); and finely ground wheat replaced (w/w) with 50 and 100 g/kg whole wheat (WW) during the second (day 8-14) and third (day 15-21) weeks of the study respectively. The LC fibre source (Opticell, Agromed Austria GmbH, Kremsmünster, Austria) was a mixture of fermentable and non-fermentable dietary fibres. Prior to inclusion, OH and WS were ground in a hammer mill (Bisley's Farm Machinery, Auckland, New Zealand) fitted with a 5.0-mm screen and then included in corresponding experimental diets. The same hammer mill was used to grind the wheat for the Fine, Medium and Coarse diet treatments. To eliminate any possible shift in size distribution of wheat particles, the aliquots of wheat needed for each diet were ground separately and added to the corresponding diet. Ground wheat and WW were from the same batch. All diets were in mash form and had a background of a xylanase (2,000 XU/ kg diet, Danisco Xylanase, Danisco Animal Nutrition-DuPont Industrial Biosciences, Marlborough, UK). The diets contained 3.0 g/kg titanium dioxide (Merck KGaA, Darmstadt, Germany) as an indigestible marker for the determination of coefficient of apparent ileal digestibility (CAID) of nutrients. Because the gizzard was the main focus of the project and the primary objective was to establish diets with different structural textures rather than diets equivalent in energy and protein density, no attempt was made to adjust the nutrient density in the fibre-added diets (LC, OH and WS) tested. Representative samples of all diets were collected for chemical analysis.
| Birds and housing
The experiment was conducted according to the New Zealand Revised Code of Ethical Conduct for the use of live animals for research, testing and teaching and approved by the Massey University Animal Ethics Committee (protocol number 14/01). A total of 350, 1-day-old male broilers (Ross 308) , obtained from a commercial hatchery, were individually weighed and allocated to 35 cages (10 broilers per cage) in electrically heated battery brooders so that the average bird weight per cage was similar. Five cages were then randomly assigned to each of the seven dietary treatments. The birds were transferred to grower cages on days 12 and fed the same diets until days 21. The battery brooders and grower cages were housed in an environmentally controlled room with 20 hr of fluorescent illumination per day. The temperature was maintained at 31°C on day 1 and was gradually reduced to 22°C by 21 days of age. Feed was offered ad libitum, and water was freely available.
| Determination of particle size distribution
Particle size spectrum of the diets was determined by dry sieving using the method described by Baker and Herrman (2002) . In brief, a weighed sample (100 g) of each diet was placed on the top sieve of a set of six steel sieves (Endecotts Ltd., London, UK). The sieve sizes were 2,000, 1,000, 500, 212, 125 and 75 μm, and they were stacked from the biggest to the smallest openings. The sieves were placed in a vibratory shaker, and the diet samples were shaken for 3 min. The material retained in each sieve was re-weighed and expressed as a percentage of initial sample weight. The geometric mean diameter (GMD) and geometric standard deviation (GSD) of the diets were then determined (Baker & Herrman, 2002) .
| Growth performance and determination of digesta transit time
Body weights and feed intake (FI) were recorded on a cage basis at weekly intervals. Mortality was recorded daily, and the feed per gain ratios was corrected for the weight of any bird that died during the course of the experiment. Corrected feed per gain ratios was also calculated by subtracting the amount of LC, OH and WS from the total FI (Amerah et al., 2009; Hetland et al., 2003) .
On day 15, feed was withdrawn for 2 hr and diets containing chromic oxide (1.0 g/kg) were offered for 15 min. The digesta transit time was then determined as the time from the introduction of the diets to the first appearance of green-coloured droppings.
| Apparent metabolisable energy determination
Feed intake and total excreta output of each cage were quantitatively measured from day 18 to 21 post-hatch. Daily collections from each cage were pooled, mixed in a blender and sub-sampled.
Sub-samples were lyophilised (Model 0610, Cuddon Engineering, Blenheim, New Zealand), ground to pass through a 0.5-mm sieve and stored in airtight plastic containers at 4°C pending analysis. The diets and excreta samples were analysed for dry matter (DM) and gross energy (GE).
| Coefficient of apparent ileal digestibility determination
On day 21, six birds per cage were euthanised by intravenous injection of sodium pentobarbitone (Provet NZ Pty Ltd., Auckland, New Zealand), and ileal digesta were collected as described by Ravindran, Hew, Ravindran, and Bryden (2005) . The ileum was defined as the portion of the small intestine extending from the Meckel's diverticulum to a point ~40 mm proximal to the ileocaecal junction. The ileum was then divided into two halves, and the digesta was collected from the lower half towards the ileocaecal junction. Digesta from birds within a cage were pooled, lyophilised (Model 0610, Cuddon Engineering, Blenheim, New Zealand),
ground to pass through a 0.5-mm sieve and stored at 4°C until laboratory analysis. The diets and digesta samples were analysed for DM, titanium (Ti), nitrogen (N), starch, fat, GE, calcium (Ca) and phosphorus (P).
| Morphology measurements
Two birds from each replicate cage euthanised for ileal digesta collection were used for morphological examinations.
| Gizzard and proventriculus
Whole proventriculus and gizzard were collected and fixed in 10% Longitudinal (inner and outer) and circular muscle layers were included, and measurements were taken at 10 different points in the section and averaged. The total diameter of the proventricular submucosa ( Figure 7a ) and the height of individual proventricular submucosal glands ( Figure 7b ) were also both measured at 10 points in each section, and results were averaged as for other measurements.
In addition to the measurements recorded above, each section was also viewed at a range of magnifications to determine whether any pathological abnormalities were present.
| Duodenum and jejunum
For intestinal morphological examination, the method described by 
| Digestive tract measurements
On day 21, two birds per cage, with body weights closest to the mean weight of the cage, were selected, weighed and euthanised by cervical dislocation. The digestive tract and organs were carefully excised, and adherent mesentery and fat were removed. The empty weights of proventriculus, gizzard, liver, spleen, pancreas, small intestine (duodenum, jejunum and ileum) and caeca of individual birds were determined.
| Gut tensile strength
Gut tensile strength was measured on day 22 according to the procedures of Bilgili and Hess (1997) . Ten centimeter sections of jejunum from two birds per cage were removed, and intestinal strength was measured using an Instron (Model 4502) shear press. The intestine was held in place using elastomeric grips, and the force (Newton) required to tear the intestine was measured using a 1.02-kg load cell at a cross head speed of 25 mm/ min. 
| Chemical analysis
| Calculations
All data were expressed on a DM basis, and the apparent metabolisable energy (AME) was calculated using the following formula:
Apparent ileal nutrient digestibility coefficients were calculated using the following formula:
where (Nutrient/Ti)d = ratio of nutrient to Ti in the diet, and (Nutrient/Ti)i = ratio of nutrient to Ti in the ileal digesta.
| Statistical analysis
Data were subjected to one-way ANOVA using the general linear models' procedure of SAS (SAS Inst. Inc., Cary, NC) in a completely randomised design. Cage means served as the experimental unit for all data. Means were separated only when the treatment p-value was significant and then by the least significant difference test. Statements of significance were based on p-value of equal to or <0.05, and a p-value between 0.05 and 0.10 was considered as a trend. and 100 g/kg (day 15-21) WW diets respectively (Table 2) . OH and WS diets had similar proportion of particles >1,000 μm (29.81 and 29.87 respectively), which were slightly higher than the Fine diet (27.80). Fine and LC diets had similar proportion of coarse particles (>1,000 μm). Similar trends existed for the GMD of the diets.
| Growth performance
Mortality during the performance experiment was negligible. Only eight out of the 350 birds died (2.29%), and the deaths were not related to any specific treatment. The performance data of broiler starters from day 1 to 21 posthatch are shown in 
| Digesta transit time, gut tensile strength and digestive tract measurements
The influence of dietary treatments on digesta transit time, gut tensile strength and the relative weight of the digestive tract is summarised in 
| Nutrient digestibility and energy utilisation
Dry matter digestibility was influenced (p < 0.05) by dietary treatments (Table 5) , with OH and WS diets reducing (p < 0.05) the CAID of DM compared to the Fine diet, whilst other treatments had no Ileal digestibility of GE was influenced (p < 0.05) by dietary treatments (Table 5 ). All treatments with fibre sources (LC, OH and WS) reduced (p < 0.05) the GE digestibility compared to the Fine diet.
However, birds fed Fine, Medium, Coarse and WW diets showed similar (p > 0.05) GE digestibility.
Similar to ileal DM digestibility, total tract retention of DM was lower (p < 0.05) in OH and WS diets compared with the Fine diet and the lowest retention was observed in the WS diet. Significant effect (p < 0.05) of dietary treatments was observed for the AME.
Feeding Medium, Coarse, LC and WW diets resulted in similar AME to the Fine diet, but AME was lower in OH and WS diets compared with the Fine diet.
| Proventriculus and gizzard morphology
A tendency (p = 0.09) was observed for the effect of dietary treatments on the thickness of the proventriculus. Birds fed the Coarse diet had the thickest proventriculus and were similar to those fed Medium and WS diets but higher than the other dietary treatments (Table 6 ). There was no effect (p > 0. Feeding Medium, Coarse, OH and WS diets increased (p < 0.05) the proventricular gland height compared to the Fine diet.
There was no effect (p > 0.05) of dietary treatment on the diame- The effects of dietary treatments on the caudoventral thin and cranioventral thick muscles of the gizzard are also shown in No significant pathological changes were observed in any of the proventriculus or gizzard sections examined. Occasional foci of small mature lymphocytes were present within the submucosal glands of the proventriculus in some birds, and rare proventricular submucosal glands appeared to have mildly dilated lumens. These findings were not considered to be of any functional or pathological significance.
| Intestinal morphology
The influence of dietary treatments on the morphometry of the duodenum and jejunum is shown in Table 7 . The dietary treatments had no significant (p > 0.05) effect on villus height, crypt depth, epithelial thickness and goblet cell number either in the duodenum or jejunum.
| D ISCUSS I ON
Despite its importance in digestion and gut health, relatively little research has centred on the gizzard, and most of the previous studies have reported gizzard mass expansion than musculature development. Therefore, the main focus of this study was to investigate ( sources used. However, to our knowledge, there is no study comparing the impacts of wheat particle size, insoluble fibre source and WW inclusion on the mass and, more importantly, musculature of gizzard in a single study. In the current study, while having no effect on the relative weight of proventriculus and other measured digestive organs and segments, the dietary treatments influenced the relative weight of gizzard. Feeding OH and WS resulted in the highest gizzard weight followed by WW, Coarse and Medium diets. TA B L E 3 Influence of dietary treatments on the growth performance of broiler starters (day 1-21 post-hatch) * Whilst the gizzard responses to the changes in diet texture were not ambiguous and consistent with previous findings, it is worth noting that these responses were more pronounced in diets diluted with
WS (77%) and OH (70%). Amerah et al. (2009) reported a 39% in-
crease in the relative weight of the gizzard of birds fed WS compared to a non-significant increase of 2.8% in birds fed WW diets.
Accumulation of large amounts of WS in the gizzard was attributed
by these researchers to be the major stimulant of gizzard development, as well as accumulation of compacted OH in the gizzard, which was also observed in the current study.
The main body of the proventriculus comprises four layers (Martinez et al., 2000) : the mucosa with mucosecretory epithelial cells; submucosa with connective tissue containing the compound tubular glands; muscular propria with smooth muscle cells and the serosa that wraps the whole organ. Compared to the Fine diet, offering Coarse, Medium, OH and WS diets increased the total glandular height of the proventriculus by 11.6%, 10.7%, 9.6% and 8.6% respectively. Inclusion of WW and LC to the Fine diet generated a nonsignificant increase of 6.9% and 1.2% respectively. The increased total glandular height of the proventriculus in the above-mentioned treatments and the lack of significant effects on the individual gland height indicate that the impact of dietary structural components on the proventriculus is mediated by increasing the number rather than the size of individual glands. Early work of O'Dell, Newberne, and
Savage (1959) showed that birds fed purified diets containing fine particles had enlarged proventriculi with submucosal glandular dilation and degeneration compared to those fed diets containing large particles. This finding might also account for the lower proventriculus total glandular height in birds fed the Fine diet in the current study.
The diameter of the craniodorsal thin muscle of gizzard was not influenced by any of feed textures, but feeding OH and WS diets increased the diameter of caudoventral thin, caudodorsal thick and cranioventral thick muscles by an average of 50%, 84% and 87%
respectively. Whilst Medium, Coarse and WW inclusion to the fine diet failed to make any significant difference to thin muscle diameters, these treatments resulted in 26%, 35% and 29% higher diameter in the caudodorsal thick muscle, and 27%, 29% and 25% higher diameter in the cranioventral thick muscle respectively. Duke (1992) described the structure and contraction cycle of the gizzard in detail.
Craniodorsal thin muscle is continuous with caudodorsal thick muscle, and caudoventral thin muscle is continuous with cranioventral thick muscle. The contraction of craniodorsal and caudoventral thin muscles is the initial stage of the gizzard contraction cycle. When the thin muscles relax, the pyloric sphincter at the junction between the gizzard and the duodenum opens and progressive wavelike peristaltic contractions in the duodenum are induced. The duodenal contraction is followed by immediate contraction of caudodorsal and cranioventral thick muscles resulting in some gizzard digesta being pushed strongly into the duodenum and also moving some contents through the isthmus into the proventriculus (gastric reflux, a type of reverse peristalsis; Duke, 1982) . The contents are returned back from the proventriculus to the gizzard following the relaxation of TA B L E 4 Influence of dietary treatments on the digesta transit time (min), and gut tensile strength (Newton) and relative empty weight (g/kg body weight) of the digestive tract of broiler starters the gizzard's thick muscles and contraction of the proventriculus.
It seems that, during the contraction cycle, which might take up to 15 s, the thin muscles move the contents towards the grinding zones of the gizzard while the thick muscles are more involved in actual grinding and transferring the materials into the duodenum and proventriculus (Svihus, 2011) . The greater response of gizzard's thick muscles to feed texture (OH and WS, in particular) compared to thin muscles suggests that thick muscles are involved in the grinding function more than thin muscles (Duke, 1992) . González-Alvarado et al. (2008) reported that OH inclusion at 30 g/kg in broiler diets induced greater responses in the gizzard's muscle layers than the koilin layer resulting in a lower relative koilin membrane weight to gizzard empty weight.
Particle size analysis of the dietary treatments showed that the relative percentage of particles >1,000 μm increased from 27.8 in the Fine diet to 48.89, 49.59 and 34.25 in Medium, Coarse and WW (on average) diets respectively. However, the percentages of large particles (>1,000 μm) in the Fine, LC, OH and WS diets were almost similar (27.8, 27.45, 29.81 and 29.87 respectively). Nir and Ptichi (2001) reported that in mash diets, particle size is positively correlated with relative gizzard weight. With Medium, Coarse and WW diets having the highest proportion of coarse particles in the current study, one would have anticipated that birds fed these diets would have the most developed gizzard musculature. However, the higher response of gizzard in birds fed OH and WS diets compared with those fed Medium,
Coarse and WW diets showed that the high proportion of coarse particles and GMD are not always associated with the most developed gizzard. In agreement with our findings, Hetland et al. (2003) reported that while both WS and WW increased the gizzard weight of laying hens, the effect of WS was more pronounced. Although increasing feed particle sizes have been shown to increase gizzard weight and functionality (Amerah, Ravindran, Lentle, & Thomas, 2008a , 2008b Naderinejad et al., 2016; Qaisrani et al., 2015) , it is tempting to speculate based on the current outcome, that when OH and WS are introduced into broiler diets, these materials, even with small proportion of coarse particles, which are more resistant to grinding and remain in the gizzard for a longer period of time, increase the grinding functionality and slow down the digesta passage rate from the gizzard to duodenum (Jimenez-Moreno, Gonzalez-Alvarado, Gonzalez-Serrano, et al., 2009). The gizzard mass and musculature responses to structural components are most likely influenced by both the presence of large particles and the nature of the particles. In the current study, however, the gizzard response was driven more by the nature of the structural components than particle size.
The current study also showed that different dietary textures had no effect on the histological structure of duodenum and jejunum (villus height, crypt depth, epithelial thickness and goblet cell number), a finding which is in accordance with those of Amerah et al. (2007) , Naderinejad et al. (2016) and Zang et al. (2009) who all reported a lack of gut morphology response to feed particle size. In contrast, Qaisrani et al. (2015) reported greater duodenal villus height and lower crypt depth in broilers fed coarse rapeseed meal diets compared to those fed the fine diets. Although an increased villus height has been suggested as an indicator of improved digestibility (Chiang et al., 2010) , the improved digestibility of starch and Ca in the current study implies that the better digestion of nutrients was not necessarily achieved by increased villus height or decreased crypt depth. Husvéth et al. (2015) found no effect of WW inclusion on villus size, crypt depth and thickness of muscularis mucosa, but observed an increase in jejunal activities of amylase, lipase and trypsin. These researchers suggested that beneficial effects of whole grain feeding are mediated more by
higher digestive enzyme activities than the changes in the tissue structure of the gut.
TA B L E 5
Influence of dietary treatments on the coefficient of apparent ileal digestibility (CAID) of dry matter (DM), N, starch, fat, Ca, P and GE, and total tract retention (TTR; %) of DM, and apparent metabolisable energy (AME; MJ/kg DM) in broiler starters TA B L E 6 Influence of dietary treatments on the proventriculus diameter (µm), mean proventriculus individual gland height (µm), mean proventriculus total glandular height (µm) and mean gizzard mucosal height (µm) and diameter (µm) of thin and thick gizzard muscles of 21-day old broilers The lower CAID of GE in all fibre-added diets (LC, OH and WS) and lower CAID and retention of DM, and AME in OH and WS diets compared with the Fine diet in this study is not surprising. Incorporation of fibre sources to these diets would have resulted in higher dietary fibre content that, whilst contributing to the DM and GE content of the diets, would account even more towards the undigested DM and (WW diet). These findings indicate that the effect of diet structure on digestibility might be nutrient dependent. The increased CAID of starch due to feeding OH (1.85%), WS (2.05%) and WW (1.85%) diets compared with the Fine diet agreed with previous reports testing OH Hetland et al., 2003; Rogel, Annison, Bryden, & Balnave, 1987) , WS (broilers, Amerah et al., 2009; layers, Hetland et al., 2003) and WW (Hetland, Svihus, & Olaisen, 2002; Svihus et al., 2004; Svihus, Sacranie, Denstadli, & Choct, 2010; Wu, Ravindran, Thomas, Birtles, & Hendriks, 2004) . Though not measured in the current study, more acidic gizzard pH might have contributed, at least in part, to the observed increased in the digestibility of starch, and Ca in particular (Qaisrani et al., 2015) by enhancing the solubility and absorption of mineral salts as suggested by Guinotte, Gautron, and Nys (1995) . Hetland et al. (2003) fibre sources and, to a smaller extent, in WW diets. Birds fed OH, WS and LC diets consumed 4.1%, 3.0% and 2.9% less feed and weighed 8.1%, 7.4% and 5.2% less than those receiving the Fine diet during the 21-day trial period. The deterioration in FI of birds fed OH, WS and LC diets showed that diluting broiler diets with insoluble fibre sources is not always associated with higher FI as previously reported with cellulose (Amerah et al., 2009; Shakouri, Kermanshahi, & Mohsenzadeh, 2006; ).
The influence of fibre sources on digestive tract development and feed passage rate has been suggested to be quite different depending on the texture and coarseness of fibre used (Amerah et al., 2009; Hetland, Choct, & Svihus, 2004; Mateos, JimenezMoreno, Serrano, & Lazaro, 2012) . Whilst fine insoluble fibre sources with no physical structure, such as cellulose, accelerate digesta passage through the digestive tract (Shakouri et al., 2006; This finding contradicts the findings by Amerah et al. (2009) and Hetland et al. (2003) who found diluting wheat-based diets with OH and WS, respectively, improved corrected gain to feed ratio.
The discrepancy between the current and those of above-mentioned studies could be to a large extent, due to the differences in the feed form used, mash in the present study versus pellet in those studies.
In summary, there is a potential for coarse particles, insoluble fibre sources and WW feeding to improve the gizzard musculature and digestibility of some nutrients (starch and Ca in the present study) in broilers. This effect seems to be more pronounced following the inclusion of structural fibre sources rather than with particle size manipulation and WW inclusion. Enhancing the feed structure through the inclusion of insoluble fibre sources, therefore, holds promise to mitigate the concerns around the sub-optimal functionality of the upper part of the digestive tract and gut health that has been an issue with feeding highly processed diets and exacerbated in light of antibiotic-free poultry production.
However, feeding insoluble fibre sources, such as OH and WS, might also suppress feed consumption and result in poor growth performance.
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